Introduction
============

Semaphorins are a large family of conserved proteins originally characterized as directional cues in axonal guidance and neurite outgrowth in neurogenesis ([@b1-ijo-51-05-1395]--[@b3-ijo-51-05-1395]). Subsequently, it has been revealed that semaphorins and their receptors carry out roles beyond neurogenesis and serve interesting functions in immune regulation, extracellular matrix remodeling, organogenesis, and angiogenesis ([@b3-ijo-51-05-1395]--[@b7-ijo-51-05-1395]). Studies have identified the expression of Semaphorin 7A (SEMA7A) in various tumor types, however few have described functional roles for SEMA7A in tumor progression ([@b8-ijo-51-05-1395]--[@b11-ijo-51-05-1395]). Hence, its contribution to tumor progression remains relatively unknown in comparison to other vertebrate semaphorins.

SEMA7A, or CD108w, is a \~80-kDa GPI-anchored transmembrane protein expressed by multiple cell types including: neurons, immune cells, melanocytes, fibroblasts, bone cells, and tumor cells ([@b12-ijo-51-05-1395]). This protein can be shed from the cellular membrane by action of ADAM-17(TACE) ([@b13-ijo-51-05-1395]). Both anchored and soluble forms of SEMA7A have been shown to bind to Plexin C1 and β-1 integrin (CD29) ([@b14-ijo-51-05-1395]--[@b17-ijo-51-05-1395]). The latter activates the MAPK and FAK pathways and causes an increase in proinflammatory cytokines ([@b18-ijo-51-05-1395]). Our group has demonstrated that DA--3 murine mammary tumor cells exhibit high levels of SEMA7A and that suppression of tumor-derived SEMA7A resulted in decreased macrophage-mediated angiogenesis ([@b15-ijo-51-05-1395]).

In this study we further assessed the direct effects of SEMA7A suppression on the highly malignant 4T1 breast carcinoma model. Gene silencing of SEMA7A in 4T1 cells yielded a strong antitumor effect *in vivo* and SEMA7A shRNA-expressing 4T1 cells showed an impaired ability to proliferate, migrate and invade. These cells also had a decrease in mesenchymal properties, with an increase in cell stiffness. Genetic ablation of host-derived SEMA7A increased the anti-tumor effects of SEMA7A shRNA. Our study shows a novel functional role for SEMA7A in the progression of mammary tumors.

Materials and methods
=====================

Mice and cell lines
-------------------

Female BALB/c mice (8--12-week-old) were obtained from Charles River Laboratories, and SEMA7A^−/−^ mice generated by Dr A.L. Kolodkin (Johns Hopkins University, Baltimore, MD, USA), were purchased from Jackson Laboratories. Using a speed congenic approach ([@b19-ijo-51-05-1395],[@b20-ijo-51-05-1395]) SEMA7A^−/−^ mice were backcrossed to a BALB/c background, reaching 99.9% of desired BALB/c background. Mice were housed and used according to the National Institutes of Health guidelines, under protocols approved by Florida Atlantic University Institutional Animal Care and Use Committee. EpH4 mammary cells were provided by Dr Jenifer Prosperi, Indiana University School of Medicine (South Bend, IN, USA). EpH4, 67NR, 4T07, 4T1 and 4T1-LUC (Perkin-Elmer, Waltham, MA, USA) cells were grown in complete DMEM media with 10% FBS. Female BALB/c or SEMA7A^−/−^ BALB/c mice were inoculated in the mammary fat pads with 5×10^5^ luciferase transfected 4T1 or 4T1-WT mammary tumor cells. Bioluminescent imaging of 4T1-LUC tumor bearers was done up to 3-weeks post-tumor cell implantation. For 4T1 and 4T1-LUC tumor-bearing mice, lungs were collected at 42-days post-tumor cell implantation.

RNA isolation and real-time reverse transcriptase-polymerase chain reaction
---------------------------------------------------------------------------

Total RNA was extracted from murine or human tumor cells, using the RNeasy Protect Mini kit (Qiagen, Gemantown, MD, USA) according to the manufacturer\'s instructions. Briefly, cDNA was synthesized using Quantitech Reverse Transcription kit (Qiagen) and gene expression was detected by SYBR Green real-time quantitative polymerase chain reaction (qPCR) analysis using SYBR RT^2^ qPCR primers (Qiagen, proprietary primers, sequence not disclosed) from SABioscience (Qiagen). The mRNA levels of gene of interest were normalized to β-actin, GAPDH or HSP90ab mRNA levels. PCR cycles followed the sequence: 10 min at 95°C of initial denaturation; 15 sec at 95°C; and 40 cycles of 1 min each at 60°C for annealing. The samples were amplified using the Stratagene Mx3005O cycler.

Flow cytometry studies
----------------------

Ki67 antibodies (Biolegend, San Diego, CA, USA) were used to determine cellular proliferation by flow cytometry according to the manufacturer\'s protocol. Cells (50,000) were acquired using a FACSCalibur (BD, Franklin Lakes, NJ, USA) flow cytometer, followed by analysis using FloJo software (Tree Star, Inc., Ashland, OR, USA).

Silencing of SEMA7A in 4T1 murine mammary tumor cells
-----------------------------------------------------

Semaphorin 7A gene silencing in 4T1-LUC mammary tumor cells was achieved using RNA interference via short hairpin RNA. To confirm gene knockdown, qPCR was performed using the SEMA7A specific primers according to the manufacturer\'s protocol (Qiagen). A SureSilencing shRNA plasmid (Qiagen) with one of two insert sequences was used to target SEMA7A in the 4T1-LUC cells, shRNA1 (ccatagcttt gtcttcaatat) or shRNA2 (cctagctgcatcctgttcatt). Cells were passaged and selected with G418 (800 *µ*g/ml) until at least a 5-fold decrease in the SEMA7A gene expression was achieved when compared to the scramble shRNA control. For non-luciferase 4T1 cells, an optimized short hairpin RNA algorithm was used to select the top three miRE shRNA sequences targeting SEMA7A ([@b21-ijo-51-05-1395]). The miRE shRNA1 targeted the 5′ end of the SEMA7A mRNA (tatgatgataagatctatagtgaagccacagatgtatagatcttatcatcataggcttt) and miRE shRNA2 targeting the 3′ end of the SEMA7A mRNA (caggagtactagaataatagtgaagccacagatgtattattctagtactcctgggctat) (Mirimus). As a negative control, we used pooled clones expressing miRE shRNA against *Renilla* Firefly Luciferase. Cells were transfected with shRNA encoding plasmids using Avalanche transfection reagent (EZ-Biosystems) and selected with puromycin (3 *µ*g/ml). The shRNA vectors also expressed a GFP reporter protein ([@b21-ijo-51-05-1395]). Gene knockdown was confirmed by qPCR using SEMA7A specific primers according to the manufacturer\'s protocol (Qiagen). The results of gene expression were then confirmed by determination for the SEMA7A protein.

Atomic force microscopy (AFM) cell stiffness measurements
---------------------------------------------------------

Cell stiffness measurements were acquired on living 4T1 cells. The bare AFM tip was lowered onto the cell surface at 4 *µ*m/s ([@b22-ijo-51-05-1395]). The acquired force-indentation curves of the cells were fit to a model initially proposed by Hertz to estimate the Young\'s modulus assuming that the cell is an isotropic elastic solid and the AFM tip is a rigid cone ([@b23-ijo-51-05-1395]). The model is as follows: where *F* is the applied force, *α* the indentation, *K* the Young\'s modulus, *θ* the angle formed by the indenter and the plane of the surface (55°) and *ν*, Poisson ratio (0.5). Young\'s modulus was obtained by least square analysis of the force-indentation curves using Igor Pro software.

Migration and invasion assay
----------------------------

4T1-LUC-Scramble-shRNA cells or 4T1-LUC-SEMA7A-shRNA cells, mammary tumor cells, were cultured under optimal conditions using DMEM culture media with 10% FBS in 24 wells containing a 500-*µ*M wide culture-insert (Ibidi, Fitchburg, WI, USA) until \~80% confluency was achieved. Subsequently, the 10% FBS DMEM was replaced with 0.5% FBS DMEM and the culture insert was removed to expose cell-free gap. Gap width was assessed at 0, 6 and 12-h post-challenge. For the invasion assay, 10,000 serum-starved 4T1-LUC-Scramble-shRNA cells or 4T1-LUC-SEMA7A-shRNA were seeded into a 24-well system of 8-*µ*M Transwell inserts coated with Cultrex Basement Membrane Extract (Corning, Tewksbury, MA, USA) and cells were allowed to invade for 18 h. Cells that invaded through insert were dissociated with Tryple Express (Invitrogen, Carlsbad, CA, USA) and stained with Calcein AM. Fluorescence measurements were transformed into cell numbers using a pre-determined cell standard curve and percent invasion was calculated.

Statistical analysis
--------------------

Results are expressed as means ± standard deviation. Statistical analyses were performed using GraphPad Prism 6 software (La Jolla, CA, USA). Statistical comparisons were performed using an unpaired 2-tailed Student\'s t-test, with significance at P\<0.05. For multiple comparisons of tumor growth and metastasis, a two-way ANOVA with a Dunn\'s post hoc test was performed. For analyzing the survival of tumor-bearing mice, the Kaplan-Meier method was used.

Results
=======

SEMA7A is overexpressed in 4T1 mammary tumor cells and is required for tumor growth in vivo
-------------------------------------------------------------------------------------------

We evaluated SEMA7A gene expression levels in non-tumorigenic EpH4 murine mammary cells and three sister murine mammary tumor cell lines with varying degrees of malignancy (67NR, 4TO7 and 4T1). 67NR can form slow-growing tumors but fail to disseminate, 4T07 can form tumors that disseminate but cannot metastasize, and 4T1 can form rapid growing tumors that complete all the steps required for metastasis ([@b24-ijo-51-05-1395]). Analyses by qPCR showed that EpH4 cells had nearly undetectable levels of SEMA7A and levels were increased 60-fold in 67NR, 140-fold in 4T07 and 210-fold in 4T1 tumor cells when compared to that of EpH4 cells ([Fig. 1A](#f1-ijo-51-05-1395){ref-type="fig"}). These results indicate that as the malignant capabilities of mammary cells increased, so did the SEMA7A levels. We therefore posed the question: does SEMA7A have a functional role in mammary tumor cell malignancy? We strategized to use shRNA to suppress the levels of SEMA7A in the highly aggressive 4T1 cells and assess its effects *in vivo*. We chose to use 4T1 cells expressing luciferase (4T1-LUC) as they enabled us to perform non-invasive bioluminescent imaging to monitor tumor progression. SEMA7A levels were equivalent in 4T1-LUC cells and wild-type 4T1 cells (data not shown). Experimental control cells were generated by transfecting 4T1-LUC cells with a plasmid encoding for a non-targeting scramble shRNA (4T1-LUC-Scramble-shRNA). 4T1-LUC wild-type and 4T1-LUC-Scramble-shRNA cells had comparable SEMA7A levels ([Fig. 1B](#f1-ijo-51-05-1395){ref-type="fig"}). 4TI-LUC cells were also transfected with plasmids encoding for one of four SEMA7A shRNA sequences. Two of the shRNA strands targeting SEMA7A showed consistent silencing efficiency, 4T1-LUC-SEMA7A-shRNA1 and 4T1-LUC-SEMA7A-shRNA2 ([Fig. 1B](#f1-ijo-51-05-1395){ref-type="fig"}). 4T1-LUC-SEMA7A-shRNA1 had an 80% reduction in SEMA7A levels compared to both 4T1-LUC wild-type cells and 4T1-LUC-Scramble-shRNA cells, while 4T1-LUC-SEMA7A-shRNA2 had a 55% reduction ([Fig. 1B](#f1-ijo-51-05-1395){ref-type="fig"}). Given its enhanced silencing efficiency, we continued our studies using the 4T1-LUC-SEMA7A-shRNA1 clone, which will be referred from here on as 4T1-LUC-SEMA7A-shRNA. The commercially available anti-SEMA7A murine antibodies at the time of this study were determined to be unspecific in our hands. The antibodies tested generated false positives when used for western blotting and immunofluorescence analysis of SEMA7A-shRNA silenced 4T1 cells and tissue samples from SEMA7A−/− mice. Hence, we utilized SEMA7A mRNA as an evaluative readout in this study in order to effectively differentiate its levels from that of other Semaphorins.

We implanted 4T1-LUC-Scramble-shRNA or 4T1-LUC-SEMA7A-shRNA tumor cells into the mammary fat pads of syngeneic wild-type BALB/c mice and bioluminescent imaging was performed to monitor tumor growth ([Fig. 1C](#f1-ijo-51-05-1395){ref-type="fig"}). 4T1-LUC-SEMA7A-shRNA tumor bearers displayed a significant reduction (P=0.00001) of tumor burden ([Fig. 1D](#f1-ijo-51-05-1395){ref-type="fig"}) and a significant increase (P=0.00001) in survival ([Fig. 1E](#f1-ijo-51-05-1395){ref-type="fig"}). We questioned whether the reduced tumor burden in 4T1-LUC-SEMA7A-shRNA tumor-bearing mice could have changed the kinetics of metastatic dissemination. We surveyed the lungs of tumor bearers at day 42 post-tumor implantation given that 4T1 tumor cells are known to metastasis primarily to the lung ([@b25-ijo-51-05-1395]). Detection of the luciferase signals revealed a significant \~80% decrease (P=0.00001) of tumor cell-specific bioluminescence in the lungs of 4T1-LUC-SEMA7A-shRNA tumor bearers ([Fig. 1F](#f1-ijo-51-05-1395){ref-type="fig"}). Enumeration of the metastatic nodules, which remain unstained after India Black staining, revealed \>30 metastatic foci in mice bearing 4T1-LUC-Scramble-shRNA cells, compared to \<5 metastatic foci in lungs of 4T1-LUC-SEMA7A-shRNA mammary tumor bearers ([Fig. 1G](#f1-ijo-51-05-1395){ref-type="fig"}). The lung metastasis nodules that eventually developed in 4T1-LUC-SEMA7A-shRNA tumor-bearing mice retained SEMA7A expression (data not shown), indicating they arose from tumor cells in which SEMA7A gene expression had either never been suppressed or that had lost the suppression. Taken together, our results indicate that SEMA7A produced by tumor cells is actively involved in mammary tumor progression.

SEMA7A shRNA gene silencing decreases the proliferative, migratory and invasive potential of 4T1 cells
------------------------------------------------------------------------------------------------------

Given that tumor growth was impaired in 4T1-LUC-SEMA7A-shRNA mammary tumor-bearing mice ([Fig. 1](#f1-ijo-51-05-1395){ref-type="fig"}), we sought to examine the effects of shRNA-mediated suppression of SEMA7A on 4T1 cells *in vitro*. We first observed a reduced growth rate in 4T1-LUC-SEMA7A-shRNA tumor cells ([Fig. 2A](#f2-ijo-51-05-1395){ref-type="fig"}) that was confirmed by assaying for the expression of the proliferation marker Ki67 by flow cytometry ([Fig. 2B](#f2-ijo-51-05-1395){ref-type="fig"}). We found a decrease of nearly half the expression of Ki67 in 4T1-LUC-SEMA7A-shRNA tumor cells compared to control ([Fig. 2C](#f2-ijo-51-05-1395){ref-type="fig"}). Next, we challenged 4T1-LUC-Scramble-shRNA and 4T1-LUC-SEMA7A-shRNA cells to populate a 500-*µ*M cell-free gap under serum-low conditions in order to assess their migratory potential *in vitro* ([Fig. 2D](#f2-ijo-51-05-1395){ref-type="fig"}). At 12-hour post-challenge, 4T1-LUC-Scramble-shRNA cells succeeded in closing the gap but 4T1-LUC-SEMA7A-shRNA only populated \~30% of the original cell-free gap ([Fig. 2E](#f2-ijo-51-05-1395){ref-type="fig"}). Given their reduced migratory ability, we surveyed if SEMA7A gene silencing had also affected the levels of important regulators of cell migration: RhoA/B/C ([@b26-ijo-51-05-1395]). When compared to 4T1-LUC-Scramble-shRNA cells, 4T1-LUC-SEMA7A-shRNA cells exhibited decreased levels of migration/motility promoting RhoA and RhoC but increased levels of tumor-limiting RhoB ([Fig. 2F](#f2-ijo-51-05-1395){ref-type="fig"}). We next questioned whether decreased SEMA7A levels could also affect the invasiveness of 4T1 cells. 4T1-LUC-Scramble-shRNA and 4T1-LUC-SEMA7A-shRNA tumor cells were labeled with Calcein AM and seeded into the upper chamber of a Matrigel coated, 8-*µ*M pore Transwell insert. After 12 h, we quantified the percentage of Calcein AM-positive cells that were able to invade through the Matrigel-coated insert and into the lower chamber of the well. We found that 4T1-LUC-SEMA7A-shRNA tumor cells had a \~60% significant reduction in invasion (P≤0.05) when compared to 4T1-LUC-Scramble-shRNA tumor cells ([Fig. 2G](#f2-ijo-51-05-1395){ref-type="fig"}). To further determine the effect of SEMA7A on invasive abilities, we surveyed for the levels of various matrix metalloproteinases (MMPs) that have been determined critical in mediating tumor cell invasion ([@b27-ijo-51-05-1395]). Matrix metalloproteinases MMP-2, -3, -9, -10 and -13 were significantly (P≤0.001) decreased in 4T1-LUC-SEMA7A-shRNA tumor cells, suggesting a strong linkage between the gene expression of SEMA7A and levels of MMPs ([Fig. 2H](#f2-ijo-51-05-1395){ref-type="fig"}). Our results indicate that suppression of tumor-derived SEMA7A weakens the ability of 4T1 cells not only to proliferate, but also to migrate and invade. These changes in proliferative, migratory and invasive potentials may partially account for the decreased tumor progression exhibited by 4T1-LUC-SEMA7A-shRNA tumor cells *in vivo* ([Fig. 1](#f1-ijo-51-05-1395){ref-type="fig"}).

Decreased SEMA7A levels in 4T1 mammary tumor cells promotes an epithelial-like morphology and decreased levels of mesenchymal-promoting factors
-----------------------------------------------------------------------------------------------------------------------------------------------

It has been shown that gain of mesenchymal properties in 4T1 cells may lead to increased invasive behavior *in vivo* ([@b28-ijo-51-05-1395]) and that expression of SEMA7A has been shown to promote a mesenchymal phenotype in cells ([@b9-ijo-51-05-1395]). We therefore questioned if SEMA7A gene silencing had altered the epithelial/mesenchymal properties of 4TI-LUC cells. 4T1-LUC-SEMA7A-shRNA cells displayed an enhanced epithelial-like morphology with cells growing in tight, rounded colonies ([Fig. 3A](#f3-ijo-51-05-1395){ref-type="fig"}). This change towards an epithelial-like morphology led us to probe whether silencing of SEMA7A in 4T1-LUC-SEMA7A-shRNA cells may have tilted the levels of mesenchymal-promoting factors. We first assessed TGF-β1 levels as it has been shown to be a key mediator of mesenchymal programs ([@b29-ijo-51-05-1395]) and has been tightly linked to SEMA7A ([@b17-ijo-51-05-1395]). We found that TGF-β1 levels were significantly decreased (P≤0.001) in 4T1-LUC-SEMA7A-shRNA cells when compared to 4T1-LUC-Scramble-shRNA cells, but no significant changes were detected in the levels of TGF-β2 and TGF-β3 ([Fig. 3B](#f3-ijo-51-05-1395){ref-type="fig"}). 4T1-LUC-SEMA7A-shRNA cells also had a marked decrease in the expression of known TGF-β1 induced mesenchymal promoting factors: Snail1, Snail2 and Twist ([@b30-ijo-51-05-1395]) ([Fig. 3C](#f3-ijo-51-05-1395){ref-type="fig"}). In addition, 4T1-LUC-SEMA7A-shRNA cells had decreased levels of ZEB1 and ZEB2 compared to 4T1-LUC-Scramble-shRNA ([Fig. 3D](#f3-ijo-51-05-1395){ref-type="fig"}), both of which are strong inducers of a mesenchymal phenotype and correlated with enhanced aggressive behavior in tumor cells ([@b31-ijo-51-05-1395]). Given that Snail1 has been shown to induce the expression of mesenchymal markers Vimentin (VIM) and N-cadherin (CDH2) ([@b32-ijo-51-05-1395]), we assayed for the expression of these markers in 4T1 cells upon SEMA7A gene silencing. 4T1-LUC-SEMA7A-shRNA cells showed an \~90% decrease in Vimentin levels and an \~80% decrease in N-cadherin levels when compared to 4T1-LUC-Scramble-shRNA cells ([Fig. 3E](#f3-ijo-51-05-1395){ref-type="fig"}). Vimentin and N-cadherin levels have been shown to be inversely correlated with E-cadherin (CDH1) ([@b33-ijo-51-05-1395]). We sought to determine if SEMA7A gene silencing could have affected the E-cadherin (CDH1) levels, but we found they remained unchanged between 4T1-LUC-Scramble-shRNA and 4T1-LUC-SEMA7A-shRNA cells ([Fig. 3F](#f3-ijo-51-05-1395){ref-type="fig"}). Like E-cadherin, tight-junction marker Desmoplakin (DSP) has also been shown to be lost during the epithelial to mesenchymal transition ([@b32-ijo-51-05-1395]). We found a significant 5-fold increase (P≤0.01) of Desmoplakin levels in 4T1-LUC-SEMA7A-shRNA cells compared to 4T1-LUC-Scramble-shRNA cells ([Fig. 3F](#f3-ijo-51-05-1395){ref-type="fig"}). Our results indicate that shRNA silencing of the SEMA7A gene in 4T1 cells led to a shift towards a more epithelial morphology, with decreased levels of mesenchymal markers that have been linked to enhanced tumor growth and metastasis.

SEMA7A gene silencing increases stiffness of 4T1 cells
------------------------------------------------------

Atomic force microscopy (AFM) has recently been shown to be useful in distinguishing malignant cells from normal cells ([@b34-ijo-51-05-1395]). Analyses of biomechanical properties with AFM has shown that aggressive cancerous cells are less stiff compared to normal cells in 2D cultures ([@b35-ijo-51-05-1395],[@b36-ijo-51-05-1395]). AFM measurements were acquired to determine the relative stiffness of 4T1-LUC-Scramble-shRNA and 4T1-LUC-shRNA-SEMA7A cells. The AFM cantilever was used as a microindenter, probing the cell \<1 *µ*m using applied forces of \<1 nN so as to not damage the cell. [Fig. 4A](#f4-ijo-51-05-1395){ref-type="fig"} shows representative force-indentation curves acquired for 4T1-LUC-Scramble-shRNA and 4T1-LUC-shRNA-SEMA7A cells. 4T1-LUC-shRNA-SEMA7A cells indented less than 4T1-LUC-Scramble-shRNA cells for equivalent applied forces. One hundred force-indentation curves were acquired for each cell measured and fitted to the Hertz\'s model. Histograms in [Fig. 4B](#f4-ijo-51-05-1395){ref-type="fig"} reveal the data distribution of the Young\'s modulus values for both cell types. The average Young\'s modulus value calculated for the 4T1 mammary tumor cells was 3.7±0.3 kPa (n=35) ([Fig. 4C](#f4-ijo-51-05-1395){ref-type="fig"}). Following SEMA7A gene knockdown, cell stiffness increased to 7.5±1 kPa (n=29) in 4T1-LUC-Scramble-shRNA cells. Our AFM data supports the notion that an increase in cell stiffness *in vitro* is inversely related to the malignant behavior of tumor cells, as we observed that the stiffer 4T1-LUC-shRNA-SEMA7A cells had reduced malignant potential *in vivo* ([Fig. 1](#f1-ijo-51-05-1395){ref-type="fig"}).

Ablation of host-derived SEMA7A impairs tumor growth and enhances the antitumor effects of shRNA suppression of tumor-derived SEMA7A
------------------------------------------------------------------------------------------------------------------------------------

Given that host cells also express SEMA7A ([@b14-ijo-51-05-1395],[@b17-ijo-51-05-1395],[@b18-ijo-51-05-1395],[@b37-ijo-51-05-1395]), we questioned if genetic ablation of host-derived SEMA7A could further augment the anti-tumor effects of SEMA7A gene silencing in 4T1 cells. We first determined the effects of solely ablating host-derived SEMA7A on mammary tumor growth. Mammary pads of wild-type or SEMA7A^−/−^ female BALB/c mice were inoculated with wild-type 4T1-LUC cells. Bioluminescent imaging was performed for 28 days. SEMA7A^−/−^ tumor-bearing mice displayed a significant decrease (P=0.001) in tumor growth rate ([Fig. 5A and B](#f5-ijo-51-05-1395){ref-type="fig"}), increase in survival (P=0.001) ([Fig. 5C](#f5-ijo-51-05-1395){ref-type="fig"}), and a decrease in metastasis to the lungs (P≤0.001) ([Fig. 5D](#f5-ijo-51-05-1395){ref-type="fig"}).

We next tested the effects of ablating host-derived SEMA7A in addition to suppressing tumor-derived SEMA7A. Towards this, we used an optimized miR-E shRNA system that provided enhanced stable gene knockdown ([@b21-ijo-51-05-1395]). Wild-type 4T1 were transfected with a vector encoding for an shRNAmir targeting the 5′ end of the SEMA7A mRNA (4T1-SEMA7A-shRNA1) or one targeting the 3′ end of the SEMA7A mRNA (4T1-SEMA7A-shRNA2). 4T1-LUC cells could not be used with the miR-E system, as puromycin had been used to select for luciferase expression. To generate an experimental control, 4T1 cells were transfected with a vector encoding for an shRNAmir targeting *Renilla* luciferase (4T1-*Renilla*-shRNA). 4T1-*Renilla*-shRNA cells had SEMA7A levels equivalent to that of wild-type 4T1 cells (data not shown). Both SEMA7A shRNAmirs achieved a \>80% decrease in SEMA7A levels when compared to 4T1-*Renilla*-shRNA cells ([Fig. 6A](#f6-ijo-51-05-1395){ref-type="fig"}). 4T1-*Renilla*-shRNA cells, 4T1-SEMA7A-shRNA1 or 4T1-SEMA7A-shRNA2 cells were implanted into the mammary fat pads of either wild-type or SEMA7A^−/−^ female BALB/c mice. Gene silencing of SEMA7A in 4T1 cells resulted in a significant reduction (P≤0.0001) in tumor burden, but ablation of host-derived SEMA7A further decreased tumor growth by an additional \~15% ([Fig. 6B](#f6-ijo-51-05-1395){ref-type="fig"}). At day 42, lungs were excised from tumor-bearing mice and assessed for metastatic lesions ([Fig. 6C](#f6-ijo-51-05-1395){ref-type="fig"}). Ablating host-derived SEMA7A yielded an additional \~30% significant reduction (P≤0.0001) in the number of metastatic lung lesions compared to suppressing tumor-derived SEMA7A alone ([Fig. 6D](#f6-ijo-51-05-1395){ref-type="fig"}). Our results show that ablation of host-derived SEMA7A and tumor-derived SEMA7A can significantly improve outcomes in our breast carcinoma model.

Discussion
==========

The objective of this study was to elucidate the role of SEMA7A in breast cancer. To do so, we utilized the 4T1 murine model of advanced breast carcinoma. We found that shRNA suppression of SEMA7A in 4T1 mammary tumor cells significantly inhibited tumor growth, which in turn deferred metastasis and increased survival. When we implanted wild-type 4T1 cells in SEMA7A-deficient mice, we found that lack of host-derived SEMA7A further decreased tumor growth. However, shRNA inhibition of tumor-derived SEMA7A resulted in a greater decrease of tumor burden than genetic ablation of host-derived SEMA7A. When we combined both approaches, the antitumor effects of SEMA7A shRNA were augmented. We will further delineate the contributions of tumor-derived SEMA7A versus that of host-derived SEMA7A. In addition, determining if there are any inherent variations between tumor-specific and host-derived SEMA7A could be useful when designing inhibitory strategies. To date, no tumor-enhancing mutations or variations of SEMA7A have been described.

In addition to breast cancer, SEMA7A has also been shown to be expressed in melanoma, glioblastoma and oral squamous cell carcinoma ([@b8-ijo-51-05-1395],[@b11-ijo-51-05-1395],[@b15-ijo-51-05-1395],[@b38-ijo-51-05-1395]). Multiple studies ([@b9-ijo-51-05-1395],[@b10-ijo-51-05-1395],[@b15-ijo-51-05-1395],[@b38-ijo-51-05-1395]) suggest a strong linkage between SEMA7A and the potential of tumor cells to proliferate, migrate and invade. In terms of invasive potential, 4T1-LUC-shRNA-SEMA7A cells had decreased levels of MMP-2,-3,-9,-10 and -13. Encouragingly, oral squamous cell carcinoma cell lines shRNA gene silenced for SEMA7A displayed decreased MMP-2, -9 and MT1-MMP ([@b38-ijo-51-05-1395]). Hence, these overlapping findings suggest a conserved role for SEMA7A in mediating pro-migration and pro-metastatic MMPs among different cancers.

Further characterization of 4T1-LUC-shRNA-SEMA7A cells in our study revealed decreased levels of mesenchymal promoting factors: Snail, Twist, ZEB1 and ZEB2. Additional studies will determine the specific pathway(s) by which SEMA7A affects the levels of these factors. We speculate that SEMA7A induction of TGF-β may play a critical role in promoting a mesenchymal phenotype, as TGF-β has been shown to directly induce EMT-promoting transcription factors ([@b32-ijo-51-05-1395]). Supporting the role of SEMA7A in promoting mesenchymal phenotypes, it has been shown that SEMA7A can serve as a differentiation marker for mesenchymal stem cells ([@b39-ijo-51-05-1395]).

It is proposed that gain of mesenchymal properties causes a decrease in cell stiffness ([@b40-ijo-51-05-1395]). A decrease in stiffness allows cells to spread more easily on a substrate and thus in turn could facilitate migration and invasion. Transformation of non-metastatic human breast cancer cells into metastatic also caused a decrease in cell stiffness in 2D cultures ([@b41-ijo-51-05-1395]). Our results support the notion that cell stiffness and malignant behavior can be inversely related. Microindentation with an AFM probe showed that 4T1-LUC-shRNA-SEMA7A cells have increased cell stiffness compared to SEMA7A-expressing 4T1 cells. Both *in vitro* and *in vivo*, these stiffer cells showed lessened invasion potential. A recent study used AFM to show that SEMA7A decreases the adhesion strength of dendritic cells to the extracellular matrix ([@b42-ijo-51-05-1395]). It would be interesting to know if inhibition of SEMA7A in tumor cells affects their ability to adhere to the extracellular matrix. A potential increase in adhesion to the ECM, coupled with the decreased levels of MMPs we observed, could potentially hinder the ability of tumor cells to migrate and disseminate.

We and others now show that shRNA inhibition of SEMA7A in tumor cells lessens their malignant potential ([@b10-ijo-51-05-1395],[@b15-ijo-51-05-1395],[@b38-ijo-51-05-1395]). Although useful in delineating the function of SEMA7A in tumor progression, shRNA has limited therapeutic potential. In order to translate these preclinical findings into therapies, the development of SEMA7A inhibitors will be critical. To date, there are no known agents that specifically target SEMA7A. Black *et al* corroborated that inhibiting SEMA7A in breast cancer would be beneficial as SEMA7A levels correlated with poor prognosis in breast cancer patients ([@b10-ijo-51-05-1395]).

Overall, our collective results support our hypothesis that SEMA7A promotes breast cancer progression. Our findings postulate a novel role for SEMA7A in breast cancer that may lead to further findings of therapeutic value.
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![4T1 cells have high levels of SEMA7A and SEMA7A shRNA gene silencing of 4T1 cells decreases their growth and metastasis *in vivo*. (A) Transcript analyses of 67NR, 4T07 and 4T1 tumors cells by qPCR, normalized to SEMA7A levels of non-tumorigenic EpH4 mammary epithelia cells (n=3, unpaired two-tailed Student\'s t-test). (B) qPCR analyses of SEMA7A mRNA levels in 4T1-LUC-Scramble-shRNA, 4T1-LUC-SEMA7A-shRNA1 and 4T1-LUC-SEMA7A-shRNA2 tumors cells, normalized to SEMA7A levels in 4T1-LUC wild-type (n=3, unpaired two-tailed Student\'s t-test). (C) 4T1-LUC-Scramble-shRNA or 4T1-LUC-SEMA7A-shRNA tumor cells were implanted in the mammary fat pads of wild-type female BALB/c, and non-invasive bioluminescent imaging was done at specified time-points and (D) reported as normalized photons/sec (n=5 mice, repeated three times, two-way ANOVA). (E) Kaplan-Meier survival curve of wild-type BALB/c mice bearing 4T1-LUC-Scramble-shRNA or 4T1-LUC-SEMA7A-shRNA tumor cells (n=5 mice, repeated three times, log-rank test). (F) On day 42 post-tumor implantation, lungs were excised from mice bearing 4T1-LUC-Scramble-shRNA or 4T1-LUC-SEMA7A-shRNA and imaged for tumor cell-specific bioluminescent signals from lung metastasis nodules (n=5 mice, repeated three times, unpaired two-tailed Student\'s t-test). (G) India Black ink staining was done to determine number of macro-metastasis lesions, which remained unstained (n=5 mice, repeated three times, unpaired two-tailed Student\'s t-test). Data are presented as mean ± SD. ^\*\*\*^P≤0.001, ^\*\*\*\*^P≤0.0001.](IJO-51-05-1395-g01){#f1-ijo-51-05-1395}

![Silencing of SEMA7A gene in 4T1-LUC cells decreases their proliferation, motility and invasion. (A) Growth curves of 4T1-LUC-Scramble-shRNA and 4T1-LUC-SEMA7A-shRNA tumor cells under optimal conditions (n=6, unpaired two-tailed Student\'s t-test). (B) Flow cytometric analyses of proliferation marker Ki67 in 4T1-LUC-Scramble-shRNA and 4T1-LUC-SEMA7A-shRNA tumor cells. (C) Quantification of Ki67 expression (n=3, unpaired two-tailed Student\'s t-test). (D) 4T1-LUC-Scramble-shRNA and 4T1-LUC-SEMA7A-shRNA cells were grown to confluency in a 24-well with a culture insert to generate a 500-*µ*M cell-free gap. At time zero, insert was removed and gap-closure was observed at specified time-points and (E) reported as percent width of original gap (n=3, unpaired two-tailed Student\'s t-test). (F) Gene expression of RhoA, RhoB and RhoC was assayed by qPCR in 4T1-LUC-SEMA7A-shRNA tumor cells, normalized to 4T1-LUC-Scramble-shRNA (n=3, unpaired two-tailed Student\'s t-test). (G) 4T1-LUC-Scramble-shRNA and 4T1-LUC-SEMA7A-shRNA cells\' *in vitro* invasion through a Matrigel coated 8 *µ*M Transwell, reported as percent invasion using 4T1-LUC-Scramble-shRNA cells as 100% (n=3, unpaired two-tailed Student\'s t-test). (H) Gene expression of specified MMPs was assayed by qPCR in 4T1-LUC-SEMA7A-shRNA tumor cells, normalized to levels of 4T1-LUC-Scramble-shRNA cells (n=3, unpaired two-tailed Student\'s t-test). Data are presented as mean ± SD. ^\*^P≤0.05, ^\*\*^P≤0.01, ^\*\*\*^P≤0.001.](IJO-51-05-1395-g02){#f2-ijo-51-05-1395}

![SEMA7A shRNA gene silencing in 4T1-LUC cells changes cell morphology, decreases gene expression of EMT-inducing genes and increases Desmoplakin gene expression. (A) SEMA7A gene-silenced 4T1-LUC-SEMA7A-shRNA cells exhibited compact round colonies when compared to 4T1-LUC-Scramble-shRNA cells as observed by phase contrast imaging (images representative of 15 fields of view, 20× magnification). (B-F) Gene expression levels of specified genes (TGFβ; Snail and Twist; ZEB1 and ZEB2; Vimentin (VIM) and N-cadherin (CDH2); E-cadherin (CDH1) and Desmoplakin (DSP) of 4T1-LUC-SEMA7A-shRNA tumor cells, normalized to levels in 4T1-LUC-Scramble-shRNA (n=3, unpaired two-tailed Student\'s t-test). Data are presented as mean ± SD. ^\*^P≤0.05, ^\*\*^P≤0.01, ^\*\*\*^P≤0.001.](IJO-51-05-1395-g03){#f3-ijo-51-05-1395}

![SEMA7A alters tumor cell stiffness. (A) Representative force-indentation curves from AFM cell stiffness measurements acquired for 4T1-LUC-Scramble-shRNA and 4T1-LUC-SEMA7A-shRNA cells. Fitted curves derived from the Hertz model are overlaid on the raw data. AFM measurements were acquired at 37°C at a constant cantilever retraction rate, applied force and contact time. (B) Data distribution of Young\'s modulus values for 4T1-LUC-Scramble-shRNA cells (n=35) and 4T1-LUC-SEMA7A-shRNA cells (n=29). (C) Average of Young\'s modulus values for stiffness measurements from (B). Data are presented as mean ± SEM. ^\*\*^P≤0.01.](IJO-51-05-1395-g04){#f4-ijo-51-05-1395}

![Genetic ablation of host-derived SEMA7A decreases tumor growth rate and metastasis in 4T1-LUC tumor-bearing mice. (A) 4T1-LUC wild-type tumor cells were implanted in the mammary fat pads of wild-type female BALB/c or SEMA7A^−/−^ BALB/c mice, non-invasive bioluminescent was done at specified time-points and (B) reported as normalized photons/sec (n=5 mice, repeated three times, two-way ANOVA). (C) Kaplan-Meier survival curve of wild-type BALB/c and SEMA7A^−/−^ BALB/c bearing 4T1-LUC cells (n=5 mice, repeated three times, log-rank test). (D) On day 42 post-tumor implantation, lungs were excised from wild-type BALB/c and SEMA7A^−/−^ BALB/c bearing 4T1-LUC cells for tumor cell-specific bioluminescent signals from metastasis nodules (n=5 mice, repeated three times, unpaired two-tailed Student\'s t-test). Data are presented as mean ± SD. ^\*\*\*^P≤0.001.](IJO-51-05-1395-g05){#f5-ijo-51-05-1395}

![Inhibition of host-derived and tumor-derived SEMA7A decreases rate of tumor growth and metastasis in 4T1 tumor-bearing mice. (A) qPCR analyses of SEMA7A mRNA levels in 4T1-SEMA7A-shRNA1 (targeting 5′ end of SEMA7A mRNA) and 4T1-SEMA7A-shRNA2 (targeting 3′ end of SEMA7A mRNA) tumors cells, normalized to SEMA7A levels of 4T1-*Renilla*-shRNA (non-target control) (n=3, unpaired two-tailed Student\'s t-test). (B) 4T1-LUC-Scramble-shRNA, 4T1-LUC-SEMA7A-shRNA1 or shRNA2 tumor cells were implanted in the mammary fat pads of wild-type BALB/c or SEMA7A^−/−^ BALB/c mice and tumor volume was measured at specified time-points (n=5 mice, repeated three times, two-way ANOVA. (C) Photographic images of excised and 4% PFA fixed lungs at day 42 post-tumor implantation, and (D) quantification of macro-metastatic lesions in the lungs at day 42 post-tumor implantation (n=5 mice, repeated three times, two-way ANOVA). Data are presented as mean ± SD. To represent statistical significance, asterisks denote differential significance of values compared to that of 4T1-*Renilla*-shRNA/WT-BALB/c and a dagger denotes differential significance compared to 4T1-*Renilla*-shRNA/SEMA7A^−/−^. ^\*\*\*^P≤0.001, ^\*\*\*\*^P≤0.0001, ^†^P≤0.0001.](IJO-51-05-1395-g06){#f6-ijo-51-05-1395}
